mRNA levels are determined by the balance between mRNA synthesis and decay. tors that mediate both processes, including the 5' to 3' exonuclease Xrn1, are responsible for 21 the cross talk between the two processes in a manner that buffers steady-state mRNA lev-22 els. However, these proteins' roles in transcription remain elusive and controversial. Applying 23 NET-seq to yeast cells, we show that Xrn1 functions mainly as a transcriptional activator 24 and that its disruption manifests via the reduction of RNA polymerase II (Pol II) occupancy 25 downstream of transcription start sites. We combine our data and novel mathematical mod-26 eling of transcription to suggest that transcription initiation and elongation of targeted genes 27 is modulated by Xrn1. Furthermore, Pol II occupancy markedly increases near cleavage and 28 polyadenylation sites in xrn1∆ cells while its activity decreases, a characteristic feature of 29 backtracked Pol II. We also provide indirect evidence that Xrn1 is involved in transcription 30 termination downstream of polyadenylation sites. Two additional decay factors, Dhh1 and 31 Lsm1, seem to function similarly to Xrn1 in transcription, perhaps as a complex, while the 32 decay factors Ccr4 and Rpb4 also perturb transcription in other ways. Interestingly, DFs are 33 capable of differentiating between SAGA-and TFIID-dominated promoters. These two classes 34 of genes respond differently to XRN 1 deletion in mRNA synthesis and differentially utilize 35 mRNA decay pathways, raising the possibility that one distinction between the two types of 36 genes lies in the mechanism(s) that balance these processes. 37 Introduction 38 Steady-state mRNA levels are determined by the balance between synthesis and decay rates. 39 Once thought to function separately, recent studies have discovered that these two processes 40 are linked. In previous work we showed that the major cytoplasmic yeast mRNA degradation 41 pathway, consisting of the decapping enzyme Dcp1/2, the decapping activator Pat1/Lsm1-7, the 42 helicase Dhh1, and the 5'-3' exonuclease Xrn1, shuttles between the cytoplasm and the nucleus 43 to participate in both processes. Notably, the elements of this pathway were found to degrade 44 most mRNAs in the cytoplasm while stimulating transcription in the nucleus. The proteins 45 Dcp2, Lsm1, and Xrn1 were further shown to bind chromatin, probably as a complex, and to 46 stimulate transcription initiation and elongation (Haimovich et al. 2013). We also uncovered 47 a connection between how Xrn1 functions in transcription and mRNA decay by revealing the 48 2 correlation between the effects of Xrn1 disruption on mRNA synthesis and decay in the nucleus and 49 cytoplasm, respectively (Haimovich et al. 2013; Medina et al. 2014). We subsequently ranked genes 50 according to their responsiveness to Xrn1 disruption in optimally proliferating yeast cells; the most 51 responsive were dubbed the "Xrn1 synthegradon" and consisted of genes whose transcription and 52 decay rates exhibited the highest sensitivity to Xrn1 disruption (Medina et al. 2014). This group 53 is highly enriched with genes required for cell growth and proliferation, including genes encoding 54 ribosome biogenesis and translation factors.
(A) NET-seq reads were aggregated within annotated gene boundaries (TSS to PAS) and applied DESeq2 (Love et al. 2014) to estimate standardized fold changes in each gene's normalized signal with respect to the WT. Both xrn1∆ and WT were done in two replicates. (B) The visualized correlation matrix for standardized fold changes in NET-seq reads in genes. Each entry corresponds to the Spearman correlation between the fold change with respect to the wild type in NET-seq reads in annotated genes. xrn1∆, dhh1∆, lsm1∆, ccr4∆, and rpb4∆ come from the experiments associated with this paper whereas the rest come from (Churchman and Weissman 2011). Fold changes were estimated using DESeq2 (Love et al. 2014) with both experiments analyzed simultaneously. C: Genes were stratified using previously obtained measures of Xrn1 responsiveness, an aggregated measure of the sensitivity of synthesis and decay rates to Xrn1 deletion as measured in (Medina et al. 2014) . A value of 2 indicates the lowest sensitivity and 10 the highest. Standardized NET-seq fold changes from our experiments were then plotted for genes falling into each responsiveness classification. strains correlated well (ρ ∼ 0.75 − 0.8) as expected due to their shared functions. In contrast, 165 correlations between these non-DFs and our studied DFs were typically much lower ( Fig. 1B) , 166 though this may be in part because they were collected in a different experiment. Nonetheless, 167 the strong correlations among DF mutants suggest that they may act together in a complex as has 168 been proposed for Lsm1 and Xrn1 (Haimovich et al. 2013) . Rpb4 is a protein that functions in 169 both mRNA synthesis and decay (Choder 2004; Duek et al. 2018; Lotan et al. 2005) . To examine 170 whether Rpb4 function is indeed related to those of our studied DFs, we performed NET-seq on 171 an rpb4∆ strain and compared it to our other samples. As suspected, the rpb4∆ NET-seq profile 172 correlated well with all considered DFs (ρ ∼ 0.5), attaining its highest correlation with dhh1∆ 173 (Fig. 1B) . Interestingly, rpb4∆ NET-seq data correlated better with the studied DF KOs than 174 with KOs of factors that function in transcription, e.g. dst1∆ (Fig. 1B ). This pattern of correla- 2007; Shalem et al. 2011) . We therefore included the rpb4∆ 180 strain in our subsequent analyses.
181
To compare results obtained via NET-seq to other RNA quantification methods, we reviewed 182 publicly available data for knockouts which were considered in our experiment. We obtained 183 RNA-seq fold changes for both dhh1∆ and lsm1∆ and GRO data for rpb4∆ and xrn1∆ (He et 184 al. 2018; García-Martínez et al. 2015; Gutiérrez et al. 2017; Haimovich et al. 2013) . Comparisons 185 of NET-seq, RNA-seq, and GRO data convincingly demonstrated that reads correlated much 186 more strongly by protocol than by condition for both raw reads (not shown) and fold changes 187 ( Fig. S2 ). This highlights the fact that each protocol reports different aspects of gene expression; 188 for example, whereas NET-seq reports Pol II occupancy, GRO reports Pol II elongation activity, 189 and RNA-seq captures steady-state RNA levels. The low correlations of fold changes among 190 different quantification methods further demonstrates the importance of the cross talk between 191 mRNA synthesis and decay.
192
To examine whether Xrn1 or Rpb4 are required for the overall processivity of Pol II, we compared NET-seq signals with previously reported GRO signals (García-Martínez et al. 2015;  transcription is unrelated to this classification, most likely because it affects the transcription of most, if not all, genes (Schulz et al. 2014) .
223
To understand whether particular classes of genes are more affected by DF deletions, we 224 ranked genes according to their fold changes in total Pol II occupancies. Genes whose Pol II 225 counts decreased or increased significantly were called "up-regulated" (normally their transcrip-226 tion is induced by the concerned DFs) or "downregulated" genes (normally their transcription is 227 repressed by the concerned DFs), respectively. Briefly, we found that the most affected genes in it allows for a more refined interrogation of changes in Pol II processivity. For instance, the role 245 of the elongation factor TFIIS (Dst1) in facilitating the release of backtracked Pol II was studied 246 using NET-seq (Churchman and Weissman 2011). In the same vein, we examined whether our 247 deleted genes affect Pol II distributions across genes by constructing metagene densities (see bp downstream of transcription start sites (TSS), in agreement with previous results (Churchman 250 and Weissman 2011). Remarkably, TSS-proximal densities decreased strongly in xrn1∆ and 251 dhh1∆. In contrast, ccr4∆ and rpb4∆ exhibited even sharper Pol II occupancy profiles in these 252 regions which also resided closer to TSS than those present in WT samples ( ). We observed a trend of higher densities near PAS across all mutants, with a particularly 257 pronounced increase in xrn1∆ and dhh1∆ and smaller changes apparent in the remaining mutants 258 (Fig. 2) . Together, these results indicate that deletions of XRN 1 and other DFs contribute to 259 the high Pol II occupancy ∼100 bp downstream of TSS. We note that the 5' and 3' changes in 260 Pol II occupancy are seemingly unrelated to growth rate given the lack of correlation between 261 these changes ( Fig. 2 ) and growth rates ( Fig. S5 ). For example, both xrn1∆ and rpb4∆ cells 262 grow more slowly than WT but display quite different metagenes. Likewise, lsm1∆, dhh1∆, and 263 ccr4∆ grow similarly but present notably distinct average Pol II profiles. Conversely, ccr4∆ and 264 rpb4∆ cells grow at different rates, yet possess similar metagenes.
265
Pol II initiation and elongation at the 5' ends 266 Given the locations of the most apparent changes, we focused on the respective ends of tran-267 scription units, beginning with the 5' end. To achieve finer resolution in this region, we generated 268 metagene profiles for reads adjacent to TSS (Figs. 3A and S6). Consistent with our prior metagene 269 analysis, we observed disruptions in normal promoter-proximal accumulation of NET-seq reads 270 in xrn1∆ as well as dhh1∆ and lsm1∆ strains (Figs. 3A, S6A, S6B). Based on mathematical 271 modeling (see below), we interpret these results to mean that the deletion of any one of these 272 mRNA decay factors results in defective transcription initiation in addition to previous findings 273 that XRN 1 deletion leads to defective elongation (Haimovich et al. 2013; Begley et al. 2019) . In 274 contrast, deletions of CCR4 and RP B4 resulted in sharper Pol II peaks. In these two strains,
275
Pol II occupancy was slightly closer to TSS than in the WT (Figs. S6C, S6D). 276 We computed additional Pol II metagenes after stratifying genes into those which were up- 
Full metagenes
Metaposition Mean NET−seq reads WT ccr4 ∆ rpb4 ∆ Fig. 2 Comparison of normalized full-body metagenes. Normalized reads were aggregated within between the TSS and PAS. Genes were then re-scaled to each be of length 1000nt. Finally, the read counts corresponding to the new "metapositions" were averaged to yield a picture of Pol II occupancy along whole gene bodies. Different panels show comparisons between WT and the indicated deletion strains. or downregulated by Xrn1, finding that these two classes of genes responded fundamentally dif-278 ferently to the deletion of XRN 1 (Fig. 3A) . In genes strongly upregulated by Xrn1 (FC < −2), 279 5' Pol II occupancy underwent a notable reduction in xrn1∆ strains. Differences between these 280 gene classes were also apparent in WT cells; genes upregulated by Xrn1 are highly transcribed 281 and exhibited relatively higher Pol II levels with steeper slopes in 5' regions. In contrast, those 282 which are downregulated did not (Fig. 3A ), suggesting that Xrn1 deletion differentially affects 283 genes based on their normal transcriptional patterns. One potential caveat is that the genes 284 upregulated by Xrn1 have roughly three times as many reads as those it downregulated, so the 285 observed differences may be related to the extent of transcription. Nevertheless, it is interesting 286 that the presence of Xrn1 stimulates highly transcribed genes and represses lowly transcribed 287 genes, helping maintain the gap in transcription levels. Consequently, upon disruption of Xrn1, 288 we expect the genome-wide spread of transcription rates to shrink. Up-and downregulated genes 289 were subsequently determined for the other deletion strains using the same criteria (Fig. S6 ). The We sought to bolster our hypothesis of reduced elongation rates in xrn1∆ by looking for 301 signs of increased pausing or backtracking. As backtracked Pol II cannot elongate because the 302 nascent RNA is displaced from the active site (Churchman and Weissman 2011), they can be 303 detected by NET-seq but not GRO because the latter assay relies on transcription elongation.
304
Consequently, backtracking rates can be evaluated by comparing data from these two assays. To 305 investigate transcriptional activity per unit Pol II -the elongation efficiency -in WT and xrn1∆ 306 strains, we compared BioGRO data (Jordán-Pla et al. 2014; Jordán-Pla et al. 2016 ) and our NET-seq data. This is analogous to the analysis in Fig. S1B but with spatial resolution of Pol 308 II activity. We focused on the two regions that demonstrated strong responses to Xrn1 deletion 309 -the 5' and 3' ends, the latter of which is discussed in the subsequent section. In WT cells, we 310 observed high elongation efficiency extending from TSS until ∼30 bp post-TSS, followed by a 311 gradual decrease until ∼100 bp post-TSS (Fig. 3B) . We thus propose that WT Pol II backtracks 312 and pauses more often as it approaches ∼100 bp past-TSS. In cells lacking Xrn1, this initial high 313 elongation efficiency region vanishes, suggesting dysregulation of these processes (Fig. 3B ).
314
The accumulation of NET-seq reads at ∼100 bp downstream of TSS could represent a con-315 trolled Pol II pausing phenomenon akin to what has been described for many metazoan genes 316 (see Introduction). Alternatively, the trademark buildup of Pol II near TSS may simply be the 317 result of unbalanced initiation and 5' elongation rates. To investigate the plausibility of the latter 318 scenario, we employed a recently developed mathematical model which considers particles moving 319 along a 1-dimensional path that was recently applied to ribosomes (Erdmann-Pham et al. 2018) . 320 We first used our computed metagene profiles to estimate reference initiation and site-specific For each gene, we smoothed the BioGRO and NET-seq profiles and took the log2 of their ratios. We then averaged over all genes to yield elongation efficiency metagenes. (C) We applied a mathematical model (see Methods) to investigate how initiation and elongation rates affect metagenes. Elongation rates for WT and mutant metagenes were estimated and initiation rates ("r") were varied to find the best fits. L -Varying initiation rates while using only the estimated WT elongation rates; R -varying initiation rates while using the estimated elongation rates from the xrn1∆ metagene. See Fig. S6 for other mutants.
we additionally propose that the gradual decrease in Pol II processivity as Pol II approaches the 337 100 bp position exacerbates the imbalance between rates of initiation and elongation. Thus, the 338 characteristic peak at ∼100 bp seems to result from the balance between initiation rates and 339 position-dependent kinetics of Pol II elongation.
340
We next performed a similar analysis on mutant metagenes. To test whether the changes 341 between mutant and WT profiles could be replicated by solely modulating initiation, we fixed 342 elongation rates to the values inferred for the WT (see Methods) and varied initiation rates over 343 a range of values in the simulation model. This procedure produced similar simulated profiles to 344 those observed for xrn1∆ and lsm1∆, suggesting that the deletion of these genes compromised 345 transcription initiation. However, the observed NET-seq profiles were notably flatter than the 346 simulated ones (Figs. 3C, S6B ), indicating that defects in elongation in the mutants should also be 347 considered. For the ccr4∆, rpb4∆, and dhh1∆ mutants, simulated profiles using WT elongation 348 rates were unable to recapitulate the appearance of pronounced peaks slightly upstream of 100 349 bp (Figs. S6A, S6C, S6D ).This indicates that, for these strains, our observed metagene profiles 350 cannot be explained by simple changes in the overall balance between initiation and elongation.
351
Hence it is likely that more complex kinetics are involved in which the ∼ 100 bp location may serve (Fig. 3B ). In summary, while the differences between heights of 5' peaks in WT and 355 mutant strains can be explained by reduced initiation rates, the differences in profile shapes cannot 356 be totally accounted for by manipulating this single quantity. Hence transcription elongation is 357 affected both before and after the 100 bp mark in xrn1∆ cells (Fig. 3) . We therefore propose that 358 initiation rate reduction is a major consequence of XRN 1 and LSM 1 deletion with additional 359 decreases also occurring in elongation rates. Furthermore, although the respective deletions of 360 DHH1, CCR4, and RP B4 also reduce initiation rates, they have additional targeted effects on 361 elongation rates in the first 100 bp of genes which differ from those of Xrn1 and Lsm1.
362
Deletion of mRNA decay factors leads to a marked accumulation of Pol II near PAS, profiles are not confined to a small number of genes. Interestingly, the dhh1∆ strain exhibited a similar pattern of Pol II 5'/3' ratios, and additional modest decreases in Pol II 5'/3' ratios were and backtracking near PAS (Fig. 4B ). We found that WT Pol II elongation efficiency gradually that Pol II occupancy between such pairs gradually decreased as a function of the distance from 426 the midpoints (Fig. S13 ), suggesting that as the distance between respective PAS increases, Pol 427 II has more opportunities to terminate in both WT and mutant strains. This is consistent with (divergent) . Midpoints between genes were defined as the halfway point between these respective features, and gene distances were computed as the difference between the annotated features on the negative and positive strand, respectively. Normalized NET-seq reads were then extracted for sites within 500 bp of gene midpoints and subsequently averaged to produce the metagene profiles. frequencies than TFIID-dominated genes (Fig. 6E ). These proteins tend to bind further upstream 535 of TSS for SAGA-dominated genes (peak ∼ 90 bp) compared to TFIID-dominated genes (∼ 30 536 bp), further highlighting the distinction between the two classes. Given the recent finding that 537 SAGA localizes further upstream than TFIID and binds more frequently in SAGA-dominated 538 than TFIID-dominated promoters (Baptista et al. 2017) , it is possible that the interactions of 539 Dcp2, Lsm1, and Xrn1 with promoters are influenced by the positions of bound SAGA and 540 TFIID complexes as well as their binding frequencies. The higher binding rates of each protein 541 to SAGA-dominated genes is somewhat surprising given that transcription of SAGA-dominated 542 genes is less impacted by DF deletion, but perhaps reflects the observation that Xrn1 prefers 543 to bind mRNAs of SAGA-dominated genes over those which are TFIID-dominated. It is also 544 possible that the respective ChIP-exo profiles differ due to technical artifacts arising from the 545 accessibility differences of the TAP-tag used to pull down DFs due to differing configurations of 546 DFs within the two complexes. In any event, these results highlight the capacity of the studied 547 DFs to differentiate between SAGA-and TFIID-dominated genes.
548
In summary, transcription in both SAGA-and TFIID-dominated genes is dependent on the 549 SAGA and TFIID complexes, and their mRNA products have comparable half-lives in WT and 550 in xrn1∆ strains. However, SAGA-and TFIID-dominated genes differ by (i) the effect that the In recent years, interest in understanding the cross talk between mRNA synthesis and decay 555 has grown. Under optimal proliferation conditions, various mRNA decay factors are involved 556 in mRNA "buffering", a feedback mechanism that minimizes changes in mRNA levels. In this 557 coupling, reductions in either mRNA synthesis or decay are associated with compensatory reduc-558 tions in the other process, resulting in relatively consistent concentrations of mRNAs. Although 559 Xrn1 was identified as an effector of buffering, its mode of action has remained controversial (see downregulation of transcription ( Fig. 1A) and notably reduced the elongation efficiency of Pol II (BioGRO/NET-seq, Figs. 3B, 4B), consistent with a role for Xrn1 as a stimulator (Haimovich restricted to a subset of genes, elongation rate changes are more ubiquitous, as metagenes of both 591 activated and repressed genes displayed flatter Pol II profiles in mutants than the WT (Figs.
592
3A, 3C, S6). Recently, Pol II was shown to frequently backtrack in promoter-proximal regions 593 of human genes, with TFIIS-stimulated RNA cleavage helping to release Pol II from pause sites
